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ABS TRAC T 

This work represents  a study of the continuum radiation f rom shock- 

heated air and nitrogen a s  a function of density and temperature.  Fo r  air o r  

nitrogen in which the molecules a r e  completely dissociated yet only partially 

ionized, radiation produced by the interaction of electrons with neutral  a toms 

will have a stronger density dependence than the radiation produced by elec- 

t ron interaction with positive ions. Intensity measurements  of the continuum 

at 5000 h: w e r e  made on the equilibrium region behind incident air and nitro- 

gen shocks in the 9 to 11 mm/p sec  range at initial p re s su res  of f rom 0. 1 mm 

Hg to 1. 0 mm Hg. At higher densities, enhanced radiation is observed which 

can be attributed to the interaction of f r ee  electrons with neutral  nitrogen 

atoms. Strong evidence suggests that this radiation is produced by the capture 

of electrons by nitrogen atoms in the ( D) state. 

section of 2 . 6  x 10 

the measurements .  

these new measurements  of Kramers '  radiation a l so  indicate that the positive 

ion radiation contributes l e s s  than previously expected and supports the theo- 

re t ical  calculations of Biberman and Norman for the N free-bound radiation. 

2 

-16  1 
A photoabsorption c ros s  

crn2 for the N-( D) atom at 5000 8 is deduced from 

Besides indicating that a strong N- continuum exists, 
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INTRODUCTION 

The present  study presents a new interpretation of the radiation 

from high temperature a i r  or nitrogen which could have important implica- 

tions for high-speed re-entry o r  entry into planetary atmospheres. 

estimates of equilibrium radiative heating for  super -satell i te re-entr ies  o r  

entries have differed by a s  much a s  a factor of 10. 

crepancies has been mainly due to various interpretations of NS free-bound 

and f ree- f ree  Kramers '  radiation, which has been regarded a s  the predom- 

inant form of radiation f o r  entry velocities greater  than approximately 

27, 000 ft/sec. 

Current 

The source of these dis- 

Figure 1 shows a comparison of severa l  generally used calculations 

for  the nitrogen positive ion radiation in a i r .  

temperature.  

factor, except fo r  optically thick cases. The calculations of Breene, 

Meyerott, and Lindenmeir essentially agree. Fo r  lack of anything better, 

Meyerott and Lindenmeir have used a theoretical interpretation which assumes 

that the continuum oscillator strengths of various electron levels in the nitro- 

gen atom a r e  the same a s  the corresponding electron levels of the hydrogen 

atom. Biberman and Norman, however, using the quantum defect method of 

Burgess and Seaton, 

continuum oscillator strengths is  not justified for nitrogen. On this basis, 

the Biberman and Norman calculation i s  felt to have a better theoretical 

basis than that of the others. Note, however, that the Biberman and Norman 

calculation i s  fo r  free-bound radiation, and a f ree- f ree  component has been 

added based on an effective nuclear charge, Z ,  of 1. The calculations of Kivel 

and Bailey, 

reliable. 

Total radiation is plotted versus  

The various calculations differ by approximately a constant 
1 

3 

4 

show that the "hydrogen assumption" regarding the 

a r e  based on a very crude approximation and a r e  the least  

A comparison of the above theoretical predictions with the continuum 

radiation from a wall stabilized a r c  has been made by Boldt, who found that 

the observed radiation exceeded the predictions by a factor of 2. 

that the additional radiation i s  due to radiative capture of electrons by 

He suggests 



2 4 excited N ( D) atoms to form N-(D).  

or  negative binding energy for the electron. 

N- (  S) cannot exist due to a near zero  
15 

The present work represents  a study of the continuum radiation f rom 

shock-heated a i r  as a function of density. The Biberman and Norman calcula- 

tion has been shown to be consistent with shock tube measurements performed 

at low densities and in the infrared. 

tion has been observed. 

supports Boldt's suggestion and permits  the unfolding of the N-( 'D) continuum 

portion of the radiation without the necessity of an NS radiation calculation. 

At higher densities, enhanced radia- 

The observed density dependence of the radiation 

GENERAL THEORY 

The total of the free-bound and free-free radiation a t  a given wave- 

length can be described by the Kramers1-Uns81d expression: 

2 4 2  2 d I  16 n- e 

eff - - - -  (2n- mkT) 
2 d V d C 2 d T  3 4 3  m c  

W -35 +/2 2 
NeNi 'eff 2 cm s te r  

= 1.63 x 10 

where Z 

concentrations of electron and ion, respectively, T is in degrees Kelvin, m 

is the mass  of the electron and c, e, and k a r e  the usual constants. 

cations to this expression have been suggested by Biberman and Norman to 

account better for the nonhydrogen-like behavior of the free-bound par t  of 

the radiation for nonhydrogen ions. However, this modification only effects 

the Zeff  par t  of the expression, which may o r  may not be a function of tem- 

perature ,  depending on the atom in question. In any event, at a given wave- 

length and at constant temperature,  the emitted Kramersl  radiation will vary 

as the product NeNi. 

this product is given by the Saha equation: 

is  the effective charge of the nucleus. Ne and N i  a r e  the particle eff 

Modifi- 

Furthermore,  for a partially ionized gas  at equilibrium, 
16 
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is the rat io  of the internal partition functions of the ion and gig, where - 
g0 

electron to the internal partition function of the ground state atom; No is the 

number density of neutral  atoms; and E .  i s  the ionization potential. 

F o r  normal shocks in air o r  nitrogen between 9 and 11 mm/psec ,  
1 

the molecules a r e  completely dissociated, yet only partially ionized; and, 

therefore,  the number density of neutral atoms var ies  a s  the gas density. 

Under these conditions, the N 

power of the density. 

t continuum radiation should vary a s  the f i r s t  

1.0 d 1  

d V d Q d 7  
N + N ~  - N - p 

0 ( 3 )  

If  a neutral  atom is involved in the capture o r  acceleration of an 
t electron in the gas, the N 

neutral  sca t te re r  in the above expression, and 

is replaced by the number concentration of the 

The difference in  the density dependence given by Eqs. (3) and ( 4 ) i s  

the basis of our method of identifying the radiation due to N -  formation. 

EXPERIMENTAL 

I -  

Shock Tube. The radiation measurements were  made on incident 

air and nitrogen shocks using both a 6-inch and 1. 5-inch electric arc-dr iven 

shock tube a t  initial p re s su res  varying from 0. 1 to 1. 0 rnm Hg. Test  t imes 

ranged from 3 to 7 p e c .  

p l ie rs  to observe the radiation from the shock a s  it passed a se r i e s  of s l i ts  

in the shock tube, Generally, the shocks were  found to decelerate about 

2-470 over the las t  meter  before the tes t  station. 

a tu re  and species concentrations behind the shock front were calculated 

9 

Shock speeds were  measured by using photomulti- 

The equilibrium temper-  

f r o m  the initial p ressure  and shock strength. 

Monochromator. Photometric measurements were made in the 

5000 to 5300 a wavelength region using a Jar re l -Ash  grating monochromator 

- 3 -  



having a 0. 55 m m  wide entrance slit. 

with three 6291 photomultipliers which measured the radiation intensity in 

three adjacent narrow wavelength bands selected by the monochromator. 

The middle channel measured the radiation intensity at the wavelength band 

selected by the monochromator t 25 8, while the r ed  and blue channels 

measured the radiation intensity at wavelength bands 50 t 25 8 above and 

below that selected by the monochromator, respectively. The wavelength 

scale  of the monochromator was calibrated using a mercu ry  lamp. 

The monochromator was equipped 

- 
- 

In each wavelength region investigated, the detector, monochromator, 

and shock tube optics were  calibrated a s  a unit, using a standard tungsten 

ribbon filament lamp calibrated by the National Bureau of Standards. 

spectral  intensity of the lamp at various wavelengths was calculated using 

data on the emissivity of tungsten given by DeVos" and the transmission of 

the quartz envelope. In addition, a small secondary lamp which could f i t  

into the shock tube was calibrated against the standard tungsten lamp and 

used t o  calibrate the complete optical system, including the shock tube, be- 

fore  each run. This was done to eliminate variations in the transmission of 

the shock tube wal l .  

The 

Measurements. Measurements were  made in air between 5000 and 

5300 a at three conditions of initial pressure:  

The 0. 25 and 1. 0 m m  Hg data were  obtained on the 1. 5-inch shock tube. 

However, because of tes t  t ime limitations, the 0. 1 mm Hg data were  ob- 

tained on a 6-inch shock tube. 

mixtures were used with no apparent differences. 

0. 1, 0. 25, and 1. 0 m m  Hg. 

Both room air and 207'0 oxygen - 807'0 nitrogen 

Figure 2 shows typical radiation profiles of these data for a tem- 
0 pera ture  of approximately 9650 K in the equilibrium region. 

immediately behind the peak at the shock front was taken as the equilibrium 

level. 

the p re s su re  increases for constant equilibrium temperature.  

shoot region i s  a lso observed to disappear for  strong enough shocks a t  

constant initial pressure.  

at three velocities for an initial p re s su re  of 1. 0 m m  Hg. 

p re s su res ,  the peak is observed to disappear at a higher shock strength. 

This peak has been observed in the past  in strong a i r8  and nitrogen" shocks 

and is presumed due to molecular band radiation. 

The level 

This peak is seen to decrease relative to the equilibrium level as 

The over- 

This effect is shown in Fig. 3 which shows data 

For  lower initial 
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In order to verify that the radiation in the 5000 - 5300 a region 

was a continuum, spectra  were  obtained and a photometric survey was made. 

The spectrum shown in Fig.  4 was taken with a drum camera  spectrograph 

and shows a homogeneous gas  sample at the bottom of the figure which is  

relatively clear  of line radiation in this wavelength region. 

photometric measurements with 50 a resolution which show very little 

s t ructure  as a function of wavelength. 

Fig.  5 for equilibrium air at P1 = 1. 0 m m  Hg, 

10 m m / p e c ,  T = 10, 500°K. 

of the data at each wavelength. 

a r c  measurements of Morr is  and Boch 

temperature,  but at an electron concentration of 3 .  0 x 10 
16 pared with 4. 0 x 10 

tube data in the figure. 

ment was 6 .4  x lo1’ per  cc  as compared with 5. 3 x lo1’ per  cc for the 

shock tube measurements. 

of nitrogen atom and electron concentrations as that of the shock tube data. 

Measurements made in the infrared as pa r t  of a wavelength survey a r e  a lso 

plotted in the figure. 

The presence of a continuum in this region was also verified by 

These measurements a r e  shown in 

p2/p1 = 15.05 Us = 

The brackets indicate the standard deviation 

Also plotted in the figure a r e  the nitrogen 
12 which were  obtained at the same 

16 per  cc  a s  com- 

per  cc  for the equilibrium conditions of the air shock 

The nitrogen atom concentration of the a r c  measure-  

The a rc  data have been scaled to the same product 

The intensity of the 5000 - 5300 a continuum obtained at the three 

The different initial p ressures  is plotted in Fig.  6 versus  shock velocity. 

three verticle lines for  the three different densities in the figure to which 

nearby data points have been extrapolated a r e  for an equilibrium temperature 

of 965O0K. The data points have been extrapolated along the dotted lines in- 

f e r r e d  from the velocity dependence of the 1. 0 m m  Hg data which cover the 

widest velocity range. 

the 5000 - 5300 a region, and a t  an initial p re s su re  of 1. 0 mm Hg. 

data a r e  shown in Fig.  7. 

next section. 

Photometric measurements were  also obtained i n  pure nitrogen in 

These 

The theoretical lines will be discussed in the 

-5- 



ANALYSIS 

The photometric measurements a t  three conditions of density, but at 

the same  wavelength and temperature,  a r e  replotted in  Fig. 6 versus  density. 

Also plotted in the figure a r e  the arc measurements  performed in nitrogen by 
12 Morr i s  and Boch. 

neutral  0 plotted in this figure is based on the measurements  of the photoab- 

l 3  This sorption cross-section of 0 ( P) made by Branscomb and Smith. 

continuum as  well a s  the calculated N2  (1 - )  radiation17 has  roughly the 

co r rec t  density dependence but falls a factor of 10 below the measurements.  

As stated before, the Biberman and Norman calculation is felt to be the most  

reliable calculation for the free-bound positive ion radiation. This calcula- 

tion plus the assumption that the Z for the f ree- f ree  ion radiation i s  1, is 

used to calculate the theoretical line in  the figure for the NS and 0 

ation. 

compatible with the data but a lso falls well below the higher density data. 

F r o m  the argument made in the second section regarding the density depen- 

dence OfKramers' radiation and also because the measurements  a r e  higher 

than the radiation to be expected from other sources ,  it is proposed that the 

remainder of the radiation is that of the N-( lD) continuum produced by the 

The radiation produced by the capture of electrons by 

- 2  

t 

t eff 
ion radi-  

This theoretical line not only has  the wrong density dependence to be 

L capture of an electron by an excited N ( D) atom a s  suggested by Boldt. 
1 The photodetachment cross-section, (T, for N- (  D)  may be inferred 

using detailed balancing arguments f rom the free-bound radiation. 

d I  -hc/kTA 
= G 2h2 A - 5  [ N - ]  e 

d V d S 2 d A  
(5) 

The photodetachment cross-section can be inferred once the N-(lD) concen- 

tration is known. 

N(  S) atom and a f r ee  electron. The decay t ime for this process  is between 

than the collisional time for the destruction of N- (  'D) then the Saha equation 

(2)16  can be used to  calculate the N-( 'D) concentration. 

a calculated electron binding energy of 1. 1 ev 7 y  l 5  and an internal partition 

1 N-(  D) is metastable and spontaneously breaks up into a 

7 

4 

and sec. As long as this radiationless decay t ime is much longer 

This negative ion has  

- 6 -  



1 function of 5. In the Saha equation used to calculate N-(lD),  N - (  D) replaces 

No  in expression (2 )  and N(  D) replaces N.. N (  D) has  a degeneracy of 10 

and l ies  2. 38 ev above the N( S) ground state which has  a degeneracy of 4. 

Ne,  the electron concentration has been calculated by applying the Saha equa- 

tion to the equilibrium gas conditions and assuming the presence of no negative 

ions. 

example, the resultant concentrations calculated for the equilibrium region 

behind an incident a i r  shock, Pi = 1 mm Hg, Us = 9.6  mm/psec a r e  

2 2 
1 4 

The reasonthat  this can be done is that N- is much less  than N F o r  e' 

= 9650°K 

= 1 . 5 ~  10 cm 

= 1 . 3 ~ 1 0  cm 

16 -3  

16 - 3  

T e  

e 

Ni 

N 

11 -3  N - ( ~ D )  = 5.7 x 10 cm 

N 0 
= 8 . 4  x cm-3  

7 At approximately these same conditions, Boldt has shown that the 

radiationless decay t ime for the break-up of N-( lD)  is longer than its col- 

lisional t ime for destruction by at  least a factor of 20 and, consequently, the 

use of the Saha equation is justified for the calculation of N-(lD).  

If one assumes  the N t e radiation is predominantly free-bound, then 

the data of F i g s .  7 and 8 imply a photoabsorption cross-sect ion fo r  N ( D) 
of 2 .6  x 1 0 - l 6 c m 2  with approximate e r r o r  of - t 3070. 

measurements  in the infrared beyond the 1. 1 ev cut-off edge of the N-(lD),  

and inferred a n  effective Z for  the f ree- f ree  scattering of electrons by 

neutral  nitrogen atoms of . 009. This finding is consistent with the notion 

that the predominant N t e radiation at 5000 is free-bound. 

- 1  

Taylor14 has  made 

ef f 

The 1. 0 mm Hg air data of Fig.  5 a r e  replotted in  Fig.  9 for  comparison 
- 1  with the theory which assumes an N ( D )  continuum based on a oN-(lD) of 

2. 6 x 

expected from 0' and N 

the Ofb according to Branscomb and Smith. The total theory line based on 

these assumptions is within the scatter of the points, although slightly low, 

and has  the expected velocity dependence. 

2 cm . Other theory lines in the figure a r e  the contributions to be 
t ion radiation according to Biberman and Norman and 

- 7 -  



Additional evidence for this interpretation of the radiation is  the 

nitrogen a r c  data recently obtained by Morris  and Boch. l2 These data, a s  

Boldt's, were obtained at atmospheric pressure .  

a t  5000 a is plotted versus temperature in F ig .  6. 
a r e  placed on this figure which a r e  based on the present  hypothesis regarding 

the N-(  D) continuum. 
t for the free-bound N radiation. 

of the N radiation is taken to be 1. 

A portion of the data taken 

Theoretical calculations 

1 The Biberman and Norman calculation is again used 

used for the free-free component The 'eff t 

DISCUSSION 

- 1  In this study, the assumption is made that N ( D) does exist  and 

that its electron binding energy is approximately 1. 1 ev. 
- 1  

no direct  experimental verification of the N ( D) ion and the main evidence 

for its existence has been circumstantial. The difficulty of obtaining direct  

measurements is  not unexpected due to the short  lifetime (16' -10 sec)  of 

this metastable ion. 

and this value has been adopted for the purposes of our analysis. 

another value quoted in the l i terature  of 1. 05 ev obtained by Edl6n 

an isoelectric extrapolation method. 

late electron affinities for other negative ions and obtains agreement to 

within 10% of the measured values for C - ,  0- ,  F-,  S -  and C1-. 

There has been 

-7 

Boldt used a binding energy of 1. 1 ev f o r  this ion 

There is 
15 using 

Edl& also uses  this method to calcu- 

Another assumption made in this study is  that local thermodynamic 

equilibrium exists in the region behind the relaxation region a t  the shock 

front. Implicit in this assumption is that collisional destruction of N -  is 

the dominant mechanism over destruction by its radiationless decay. As 

pointed out before, Boldt 

a r c  measurements which corresponded to our higher density measurements.  

This assumption regarding thermodynamic equilibrium is also the basis on 

which the temperatures and species concentrations a r e  calculated. 

there is la rge  scatter inherent in the shock tube measurements ,  agreement 

between them and a r c  measurements is gratifying. This argument strongly 

indicates that the gas conditions a r e  properly calculated for both experiments. 

7 has shown that this condition was fulfilled for his 

Although 

The present interpretation regarding Kramers '  radiation as a r r ived  

at by the shock tube work and existing a r c  data, is that the Biberman and 

- 8 -  



c 
-k Norman calculations a r e  essentially correct  for the N 

- 1  and that there  exists a strong N ( D) continuum which will predominate a t  

increased densities. This N ( D) continuum will have a cut-off in the 1. 1 to 

1. 2 IJ. wavelength region, corresponding to the binding energy. 

free-bound radiation, 

- 1  

To point up the temperature and density regimes where the N-(lD) 

continuum would be important for equilibrium radiation, a graph of intensity 

a t  5000 8 for various densities is shown in F ig .  7. 

based on aN-(lD) of 2. 6 x 10 

the calculations of Biberman and Norman. 

The N continuum is 
-16 z t cm at 5000 8; and the N continuum, on 

Before one can make a precise calculation of the radiative heating 

from this source,  it is necessary to know the wavelength dependence f o r  the 

photoabsorption cross-section f o r  the N - ( l D )  ion. Generally speaking, how- 

ever ,  re-entr ies  which decelerate at low altitudes will encounter more  r a -  

diative heating than previously expected, while re-entr ies  which decelerate 

at high altitudes will encounter equilibrium radiation heating from Kramers '  

radiation which is l e s s  than that predicted by Kivel and Bailey, Meyerott, 

and Breene. 
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t Fig. 1 Comparison of existing calculations for  the N ion Kramers '  

radiation at 1 atm density showing the large factor by which 

they differ. 

lations is discussed in the text. 

The discrepancy between these various calcu- 
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F i g .  2 Typical oscillograms of radiation profiles of shock-heated 

air in 5000 to 5300°K wavelength region at a P1 of 0. 1, 0. 2 5  

and 1. 0 mm Hg. 

immediately behind the peak at the shock front. 

The equilibrium level is taken to be that 

. 
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P, = I mm Hg A I R  
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Us= 8.6 m m / p  sec 
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u,=9.I m m / p  sec 

U s = 9 . 6 m m / p s e c  

TIME - 
F i g .  3 Oscillograms of radiation profiles in  the 5000-5600°K wave- 

length region showing how the peak in the radiation at a given 

pressure disappears fo r  strong enough shocks. 

. 
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F i g .  5 Photometric measurements obtained in  adjacent 50 R channels 

between 5000 and 6000 of the equilibrium radiation behind 

10 mm/psec air shocks, P = l .  0 m m  Hg. The measurements 1 
show this wavelength region to be pr imari ly  a continuum. Also 

plotted in  the figure a r e  the a r c  measurements of Morr is  and 

Boch12 performed at the same temperature in nitrogen and 

scaled by a small  factor to the same product of neutral  nitrogen 

atom and electron concentration 
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Fig.  6 Measurements obtained oi the continuum radiation between 

5000 and 5300 a at three conditions of initial pressure.  

measurements in the vicinity of 9650 K a r e  extrapolated to 

their corresponding values at 9650 K. 

The 
0 

0 
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F i g .  7 Equilibrium measurements obtained f rom nitrogen shocks, 

P =1. 0 m m  Hg, the theory line is discussed in the text. 1 
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 IO-^ 10-2 6 x IO'* 

PIP ,  

Fig. 8 The extrapolated photometric measurements of Fig.  6 to 

9650°K plotted versus  density. 

various theories discussed in  the text. 

dependence of the radiation as well as the f ac t  that the measure-  

ments fall above the calculated sum f rom other sources suggests 

the existence of an  N-( 'D) continuum. 

The lines a r e  based on 

The strong density 
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F i g .  9 Equilibrium measurements f r o m  incident shocks at 5000 a 
in a i r ,  P1=l m m  Hg, versus  shock velocity. The radiation 

in this velocity range is deduced to be predominantly the 

N ( D) continuum radiation. 

in  the text. 

- 1  The theory lines a r e  discussed 
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Fig.  10 Nitrogen arc data obtained by Morr i s  and Boch 12 showing how 

the data a r e  f i t  by assuming that the radiation is mainly that 

produced by the N-(  'D) continuum. 
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F i g .  11 A compairson between the N-( 'D) continuum and Nt ion 

Kramers '  radiation versus  temperature at various densities. 

F o r  super-satellite re-entr ies  which decelerate at low alti- 
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